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Abstract Polymer bonded explosives (PBXs) are highly particle-ﬁlled composite materials. This
paper experimentally studies the tensile deformation and fracture behavior of a PBX simulation by
using the semi-circular bending (SCB) test. The deformation and fracture process of a pre-notched
SCB sample with a random speckle pattern is recorded by a charge coupled device camera. The
displacement and strain ﬁelds on the observed surface during the loading process are obtained by
using the digital image correlation method. The crack opening displacement is calculated from the
displacement ﬁelds, the initiation and propagation of the crack are analyzed. In addition, the damage
evolution and fracture mechanisms of the SCB sample are analyzed according to the strain ﬁelds and
the correlation coeﬃcient ﬁelds at diﬀerent loading steps. c© 2011 The Chinese Society of Theoretical
and Applied Mechanics. [doi:10.1063/2.1105102]
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Polymer bonded explosive (PBX) is a highly ﬁlled
composite material of crystalline explosives (90%–95%
by weight) in a few percent polymer binder. The PBX is
a kind of functionally energetic materials widely used as
energetic ﬁllings in both civil and military applications.
As brittle material, initial defects exist in PBX. New
defects will also occur and grow when PBX subjects to
loads. These cause the damage in PBX material. Dam-
age in PBX not only degrades the mechanical property,
but also greatly aﬀects the combustion and detonation
ability of the material. The mechanical properties of
PBX subjected to a range of conditions are important
criteria to determine the safe working life. Therefore,
determination of the fracture deformation and failure
strength,1–4 and the inﬂuence of strain rates and tem-
peratures on the mechanical properties5,6 of PBX, have
drawn great interest of many researchers.
From the existing literatures, there are many tech-
niques to quantify the deformation of bodies under
stress. The strain gauge and extensometer are com-
mon techniques which can provide strain from the uni-
form deformation information. But they are unable to
provide data on microstructural deformation. Signiﬁ-
cantly, the strain gauge measures the deformation at a
single point, and the gauge on the sample surface may
provide local reinforcement. However, the optical tech-
niques, on the other hand, show the advantages that
they can measure the whole deformation ﬁeld without
contact, and it is suitable to measure the whole strain
ﬁelds until failure. Recently, they were successfully used
in displacement and strain ﬁeld measurement of PBX.
Many beneﬁcial works were reported from Cavendish
Lab.7 The quasi-static deformation and fracture have
been studied by moire´ technique.8 Rae et al.9,10 used
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the digital image correlation (DIC) method to study
the eﬀect of thermal aging on the UK PBX. The mi-
croscopic mechanical response of PBX was studied by
DIC.11–13 Moreover, the DIC was used to study the frac-
ture behavior of PBX at high-strain-rate.14,15
It is reported that the initiation and propagation
of cracks are the dominant mechanical failure mecha-
nism of high explosives, and the crack could aﬀect both
the safety and detonation performance of weapons and
munitions systems. However, cracks are hard to observe
until they grow large enough. Using the DIC technique,
we can determine the initiation and propagation route
of cracks.12 In addition, by analyzing the strain ﬁelds
during deformation, it can be concluded that the hetero-
geneity of strain ﬁeld can be characterized as a damage
factor. The damage evolution of the material can be
obtained by calculating the standard deviation of every
strain ﬁeld during loading. Therefore, in this paper, a
semi-circular shaped sample was loaded quasi-statically.
The tensile deformation and fracture behavior of the
sample was studied by using DIC technique. In addi-
tion, the crack opening was determined, the initiation
and propagation route of cracks was quantitatively mea-
sured, and the damage evolution in the sample during
deformation was studied.
A PBX simulation material was used in this work,
which comprised inorganic particles held together by
a ﬂuoro-rubber. The samples are produced in a steel
pressing mold by hot pressing. The pressing pressure is
200 MPa, the temperature is 100 ◦C and the duration of
pressing is about 1 h, then a disc shaped sample is ob-
tained with diameter of 20 mm and thickness of 10 mm.
It was symmetrically cut into two slices; therefore, semi-
circular shaped sample was obtained. Figure 1 shows
the geometry of semi-circular bending (SCB) test. The
SCB sample was pre-notched with a 0.2 mm thickness
steel blade and subjected to a three-point bending load.
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Fig. 1. The SCB test.
The initial pre-notch, which is about 1 mm length, was
cut along the line of symmetry at the sample edge and
oriented along the compression direction.
The DIC technique is a rapidly developing technique
in experimental mechanics.16,17 Recently, it was used
widely to measure the deformation ﬁeld at macro and
micro-scale. A random speckle pattern was obtained
by spraying paints on the sample surface (as shown in
Fig. 2). In the testing, the images of speckle pattern
were recorded by using a charge coupled device cam-
era at a framing rate of 5 frames per second, with a
high resolution of 1 624 pixel × 1 236 pixel in each im-
age. A sub-image with resolution of 29 pixel × 29 pixel
and step size of 5 pixel was used in DIC analysis. By
correlation matching the same zone of the two speckle
images before and after a deformation, the full-ﬁelds of
displacement and strain were obtained. The criterion
for matching two images is given by using the correla-
tion coeﬃcient c, which is given by18
c = 1−
∑
f(x, y) ·∑ g(x∗, y∗)
√∑
f2(x, y) ·∑ g2(x∗, y∗) , (1)
where (x, y) and (x∗, y∗) are Cartesian coordinates of a
material point in the image of the undeformed and de-
formed patterns, respectively. The f(x, y) and g(x∗, y∗)
are light intensities at the point in the corresponding
images. The correlation value c varies from 0 to 1, with
0 signifying a perfect match between the two images.
In DIC analysis, the area of interest was chosen for
the displacement and strain ﬁelds measurement. In or-
der to determine the crack opening displacement, we
picked up two points (as shown in Fig. 2, labeled ‘A’ and
‘B’) symmetrically in the front of the crack tip, which is
perpendicular to the orientation of the crack. With the
increase of external force, the specimen deformed con-
tinuously. After the peak load (Pm in Fig. 3), the crack
will initiate; therefore, the distance between these two
key points can be determined by δ = δB−δA, which rep-
resents the opening displacement of the crack. Figure 3
shows the variation of the crack opening displacements
and external loads as a function of loading times. An
obvious feature of such a variation is that crack open-
ing exhibits a sharp transition during the process of the
deformation. It is seen that during the early stage of
the deformation, crack opening δ = 0 and changes very
Fig. 2. Determination of crack opening displacement.
Fig. 3. External load curve and crack opening displacement
curve versus loading time.
little. After a particular moment of time, δ monoton-
ically increases with the increase of the loading time,
and at this moment, the external load reaches its peak
load. After this, the load rapidly decreases.
In the DIC calculation, the correlation coeﬃcient
c is a function of the two random speckle images be-
fore and after deformation. When the two small images
match each other, the correlation coeﬃcient reaches a
minimum. However, when damage or cracks develop in
the small region during deformation, the value of the
coeﬃcient c becomes bigger than other regions where
no damage or cracks are presented. In this work, based
on the above discussion, we use the correlation coeﬃ-
cient to quantify the location and extent of cracks in
SCB specimen.
Figure 4 shows the contour plot of normalized corre-
lation coeﬃcient at four loading states. For PBX spec-
imen, at moment (a), the normalized correlation coeﬃ-
cient over the entire specimen surface is a constant, the
magnitude of coeﬃcient c approximates to 0, indicat-
ing that the two speckle images match each other very
well, no damage is formed. In the subsequent moments,
(b), (c) and (d), in some regions within the specimen
surface the normalized correlation coeﬃcient becomes
bigger than other regions. In moment (b), the small
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Fig. 4. Correlation coeﬃcient ﬁelds under 4 diﬀerent loading
steps in SCB test.
cracked region formed around the preset crack, and at
the next moments (c) and (d), the cracked region grows
larger. Specially, at moment (d), a single dominant
crack is generated along the orientation of preset crack.
Figure 5 shows the strain ﬁeld plots at three load-
ing steps of P = 320 N, P = 340 N and P = 290 N
respectively. In Fig. 5(a), it can be noted that a con-
centrated tensile strain band localizes in the vicinity of
tip of the prefabricated notch. Meanwhile, it can also
be noted that a localized strain presents in an area near
the anvil, which is caused by the point-contact between
anvil and specimen. As external force applied further,
the localized strain band evolves continuously along the
pre-notch orientation, this is displayed in Figs. 5(b) and
Fig. 5. Strain (εx) ﬁelds of SCB sample under diﬀerent
loading steps.
5(c). It is believed that during this process the initial
damages underneath the specimen surface may be ac-
tivated and some new damages will generate. Results
indicate that a possible fracture path will follow the
concentrated strain band and the specimen will break
into two parts eventually under tensile stress action.
In this work, the SCB test was used to study the
tensile deformation and fracture behavior of a simulant
PBX. Based on DIC technique, the full-ﬁelds of dis-
placement and strain were measured. The crack open-
ing displacement was determined, and the initiation and
propagation route of the crack were quantitatively stud-
ied. In addition, the damage evolution of the SCB
sample was determined based on tensile strain ﬁelds.
The results indicate fracture mechanisms of the sample,
showing that the SCB sample fractured under extension
stress action with a split failure.
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